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Summary
In Drosophila melanogaster, fruitless (fru) encodes male-
specific transcription factors (FRUM; encoded by fru P1)
required for courtship behaviors (reviewed in [1]). However,
downstream effectors of FRUM throughout development are
largely unknown [2–5]. During metamorphosis the nervous
system is remodeled for adult function, the timing of which
is coordinated by the steroid hormone 20-hydroxyecdysone
(ecdysone) through the ecdysone receptor, a heterodimer
of the nuclear receptors EcR (isoforms are EcR-A, EcR-B1,
or EcR-B2) and Ultraspiracle (USP) (reviewed in [6]). Here,
we show that genes identified as regulated downstream of
FRUM during metamorphosis are significantly overrepre-
sented with genes known to be regulated in response to
ecdysone or EcR. FRUM and EcR isoforms are coexpressed
in neurons in the CNS during metamorphosis in an isoform-
specificmanner.ReductionofEcR-A levels in fruP1-express-
ing neurons of males caused a significant increase in male-
male courtship activity and significant reduction in size of
twoantennal lobeglomeruli.Additionalgeneswere identified
that are regulated downstreamof EcR-A in fru P1-expressing
neurons. Thus, EcR-A is required in fru P1-expressing
neurons for wild-type male courtship behaviors and the
establishment of male-specific neuronal architecture.
Results
Identification of Genes Regulated Downstream of fru P1
Differences in transcript abundance between fru P1 mutant
and wild-type Drosophila males were examined with microar-
rays [7, 8] in whole pupae and CNS tissues at the 48 hr after
puparium formation (APF) stage (pupal FRUM- and CNS FRUM-
regulated sets; Table S1 available online), when FRUM is at
highest abundance [9]. Transcripts from two fru P1 genotypes
(fru440/P14 andw; fruw12/ChaM5) were compared to two wild-type
strains (Canton S and w Berlin, respectively). Each experiment
included at least four replicates, and all showed high correla-
tions and similar numbers of expressed genes (Table S2).
Transcripts from 236 and 94 genes show significant expres-
sion differences in the pupae or CNS, respectively (q < 0.15,
moderated t test, Table S3).
Genes in the Ecdysone Hierarchy Are Overrepresented
among Genes Downstream of fru P1
Genes functioning in the ecdysone pathway were significantly
overrepresented in the gene sets identified as regulated
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identified ecdysone-regulated gene sets (Table 1) [10–12].
This includes genes regulated downstream of EcR in pupae
(129 genes), genes regulated downstream of ecdysone in
larval organ cultures (30 genes), and genes known to function
in the ecdysone pathway (8 genes) (1.4-, 1.8-, and 5.4-fold
enrichment over what is expected at random, respectively,
p % 0.001; Table 1; Tables S4 and S5). Additional microarray
experiments examining expression when a FRUM transgene
with either the A, B, or C DNA binding domain was overex-
pressed identified 156, 116, and 109 genes, respectively (q <
0.05, fold difference > 2, Table S6); each of these sets was
significantly overrepresented with genes regulated down-
stream of EcR or ecdysone (Table S7) [10].
Given this observation, the presence of ecdysone receptor
binding sites (EcREs) in regulatory sequence was determined
for genes regulated downstream of fru P1. A significant over-
representation is observed, with 92/317 genes containing an
EcRE (1.2-fold enrichment over what is expected at random,
p = 0.014, hypergeometric test). The regulatory region of the
fru locus contains three EcREs, which together with the obser-
vation that fru was found to be expressed downstream of EcR
in pupae [10] suggests that ecdysone receptor may regulate
fru P1, ultimately regulating expression of some downstream
target genes.
EcR-A and EcR-B1 Are in fru P1-Expressing Neurons
EcR isoforms have distinct temporal and spatial expression
patterns in the CNS (Figure S1) [13]. Examination of coexpres-
sion patterns of EcR-A and EcR-B1 with FRUM demonstrated
that EcR isoforms are in few FRUM-expressing cells in white
prepupal (wpp) brains (Figure S2). By 48 hr APF and through
the adult stage, no colocalization is observed between EcR-
B1 and FRUM in the CNS (Figure 1; Figure S2). All of the exam-
ined FRUM-expressing brain neurons, and most ventral nerve
cord (VNC) neurons, coexpress EcR-A at 48 hr APF and 0–24 hr
adult stages in regions previously described (Figure 1; Fig-
ure S2) [9, 14]. Several cells in the abdominal ganglion express
FRUM, but not EcR-A.
Reduction of EcR Function in fru P1-Expressing Neurons
Affects Male Courtship Behaviors
EcR function was reduced in fru P1-expressing neurons and
male behaviors were assayed by the courtship index (CI) and
wing extension index (WEI, Figure 2). EcR function was
reduced by expressing EcR RNA interfering (UAS-IR[EcR]) or
EcR dominant-negative transgenes (UAS-DN[EcR]) via activa-
tion by fru P1-GAL4 (Figure 1A) [15]. Males of one experimental
genotype showed a small but significant reduction in male-
female WEI (p < 0.05, ANOVA and post hoc U tests), but no flies
of experimental genotypes had significant differences in CI.
Males of several experimental genotypes showed significant
and substantial increases in male-male WEI and CI (p < 0.05,
ANOVA and post hoc U tests). This effect was due to reduction
of EcR-A, but not EcR-B1, function (Figure S3). Similar results
were obtained with a different fru P1-GAL4 strain (Tables S8
and S9) [16]. Given that UAS-IR[EcR-A] and UAS-IR[EcR-B1]
transgenes were reported to be similarly efficacious at
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1448reducing protein levels, this suggests that EcR-A is the
predominant isoform functioning in fru P1-expressing neurons
to establish wild-type courtship behaviors. Although potential
functions of EcR-B isoforms cannot be ruled out, we
demonstrate that EcR-A is necessary within fru P1-expressing
neurons for wild-type courtship behavior.
When the UAS-DN[EcR]-3 transgene was expressed to
reduce EcR function within fru P1-expressing neurons of
Table 1. Genes Regulated Downstream of Ecdysone or EcR Are Significantly Overrepresented among Genes Regulated Downstream of FRUM or EcR-A
Pupae FRUM-
Regulated Set
CNS FRUM-
Regulated Set
Combined FRUM-
Regulated Set
wpp EcR-A/fru
P1 CNS Set
48 hr APF EcR-A/fru
P1 Brain Set
0–24 hr Adult EcR-A/fru
P1 Brain Set
Ecdysone/EcR-
Regulated Gene Sets
# of
Genes p Value
# of
Genes p Value
# of
Genes p Value
# of
Genes p Value
# of
Genes p Value
# of
Genes p Value
EcR-regulated
24 to 4 hr APF [10]
102 3.1E-06 29 0.1125 129 3.5E-06 63 0.0114 63 0.0021 13 0.2244
Ecdysone-regulated 3rd
instar organ culture [10]
27 0.0001 4 0.6119 30 0.0010 15 0.0288 13 0.0680 4 0.1136
EcR-regulated 0 and 5 hr
APF mushroom body [11]
16 0.7162 5 0.7335 21 0.7500 22 0.0070 15 0.2037 1 0.9398
EcR-regulated 218 to 2 hr
APF midgut [12]
17 0.0608 2 0.9078 19 0.1747 14 0.0382 2 0.9972 1 0.8406
61 Verified Genes 5 0.0038 3 0.0082 8 8.7E-05 3 0.0427 1 0.5223 1 0.1436
Number of genes identified here and that were also identified in previous experiments examining ecdysone and/or EcR-regulated gene expression [10–12].
Significance of the overlap was determined with a hypergeometric test. ‘‘EcR-regulated24 to 4 hr APF’’ refers to genes identified as downstream of EcR at
24, 0, and 4 hr APF [10]. ‘‘Ecdysone-regulated 3rd instar organ culture’’ refers to genes identified as regulated downstream of 20-hydroxyecdysone in
cultured 3rd instar larval organs [10]. ‘‘EcR-regulated 0 and 5 hr APF mushroom body’’ refers to genes identified as regulated downstream of EcR in mush-
room body at 0 and 5 hr APF [11]. ‘‘EcR-regulated218 to 2 hr APF midgut’’ refers to genes identified as regulated downstream of EcR in midgut of218 to 2 hr
APF [12]. The other studies employed microarrays that included 11,983 and 11,741 genes that were present on our array platform ([10, 11] and [12], respec-
tively). The ‘‘61 verified genes’’ were deemed ecdysone-regulated if protein or mRNA levels were shown in a primary reference to be ecdysone-responsive in
Drosophila cell lines, tissues, or whole animals (Table S4).
Figure 1. EcR Isoforms Have Different Spatial,
Temporal, and FRUM Coexpression Patterns in
the CNS during Development
(A) EcR encodes three isoforms (EcR-A, -B1,
and -B2); the isoform-specific regions (EcR-A
[red], -B1 [yellow], and -B2 [green]), DNA binding
domain (gray), and a ligand binding domain (blue)
are indicated (adapted from [25]). UAS-IR[EcR]
transgenes target the following regions of the
mRNA encoded by EcR: ligand binding domain
(blue, UAS-IR[EcR]-1 and -2) [26], an EcR-A-
specific portion (red, UAS-IR[EcR-A]) [27], and
an EcR-B1-specific portion (yellow, UAS-
IR[EcR-B1]) [27]. Transgenes that encode EcR
dominant-negative variants have amino acid
substitutions F645A or W650A in the ligand-
binding domain (W650A: UAS-DN[EcR]-1 and -3;
F645A: UAS-DN[EcR]-2 and -4]) [28, 29]. The
UAS-DN[EcR] transgenes reduce activity of all
ecdysone receptor isoforms (UAS-DN[EcR]-1,
-2, -3, and -4) [28, 29].
(B–E) EcR isoform and FRUM protein localization
at 48 hr APF. Immunofluorescence with FRUM
antibody (green), EcR-A antibody (left panels,
red), and EcR-B1 antibody (right panels, red) in
male brain (B and C) and VNC (D and E). Yellow
indicates coexpression of FRUM and EcR-A.
Dashed box marks inset of P1 region of VNC.
Arrow indicates abdominal ganglion of VNC,
where coexpression of FRUM and EcR-A is not
observed in all cells. Cells with high levels of
EcR-A, presumably type II neurons that undergo
apoptosis [30], overlap with FRUM in very few
cells in prothoracic and abdominal ganglion. 203
confocal projections of anterior region (B and C)
and 203 confocal projections of ventral region
(D and E). Inset is 403 confocal projection (D).
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1449Figure 2. Males with Reduced EcR Function Display High Levels of Male-Male Courtship Behavior
Courtship indices (CI, light portion of bars) and wing extension indices (WEI, dark portion of bars) for male-female (A–C) and male-male (D–G) courtship
behavior of corresponding experimental or control males (red and blue bars, respectively). Asterisk indicates statistical significance of the difference of
CI or WEI of the respective genotype compared to all three controls (CS, fru P1-GAL4/+, and respective EcR transgene/+ males) at p < 0.05 (Kruskal-Wallis
ANOVA and post hoc two-tailed Mann-Whitney U tests). Numbers bracketed on right indicate the percentage of males that attempted copulation toward the
male (D–F).
(A and D) Courtship of males bearing UAS-IR[EcR] transgenes designed to target common regions of EcR transcripts.
(B and E) Courtship of males containing UAS-DN[EcR] transgenes that affect ecdysone receptor activity in an non-isoform-specific manner.
(C and F) Courtship of males containing UAS-IR[EcR] transgenes targeting isoform-specific portions of EcR transcripts.
(G) UAS-DN[EcR]-3-restricted expression via temperature-sensitive GAL80ts (tubP-GAL80ts) raised at restrictive (29C, filled bars, GAL80 marked out) or
permissive (19C, nonfilled bars) temperatures corresponding to pre- or posteclosion. Dagger indicates statistical significance of CI or WEI of tubP-
GAL80ts/UAS-DN[EcR]-3; fru P1-GAL4/+males as compared to CS control males p < 0.05 (two-tailed Mann-Whitney U tests). For all genotypes, n is between
9 and 13, and data are presented as mean CI or WEI 6 SEM. See Tables S8 and S9 for average CI and WEI and statistics.
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1450males during development, adulthood, or all stages, a signifi-
cant increase in male-male courtship was observed with trans-
gene expression during development or all stages (p < 0.05, U
tests; Figure 2G; Tables S8 and S9). Reduction of EcR function
throughout all stages caused higher levels of male-male court-
ship than did reduction only during development. Male-male
courtship did not significantly increase when UAS-DN[EcR]-3
expression was restricted to the adult stage. This indicates
that the male-male courtship phenotype is primarily due to
reduction of EcR function in fru P1-expressing cells during
development and is enhanced by combined reduction during
adulthood.
A study that examined males with a temperature-sensitive
EcR allele demonstrated that male flies shifted to the nonper-
missive temperature at adult stages displayed increased male-
male courtship [17]. The apparent difference between the
results might be explained by an additional adult requirement
for EcR outside of fru P1-expressing cells. Also, the tempera-
ture-sensitive allele of EcR might have caused developmental
phenotypes in fru P1-expressing cells at the permissive
temperature, which were enhanced by shifting to the nonper-
missive temperature at the adult stage.
Reducing EcR Function in fru P1-Expressing Neurons
Decreases Glomeruli Size
fru P1-expressing olfactory receptor neurons (fru P1-ORNs)
are required for the sexually dimorphic size of antennal lobe
Figure 3. Males with Reduced EcR Function in
fru P1-Expressing Neurons Have Reduced
Volumes of Two fru P1-Innervated Glomeruli
(A–C) Immunofluorescence ofUAS-mcd8::GFP/+;
fru P1-GAL4/+ males with membrane-bound
GFP (green), anti-EcR-A (red), and anti-nc82
(purple).
(A) Third antennal segment of 48 hr APF pupae.
Dashed box indicates region magnified in inset
showing membrane-bound GFP surrounding
nuclear EcR-A staining.
(B and C) Antennal lobe of UAS-mcd8::GFP/+; fru
P1-GAL4/+ male at 48 hr APF (B) and adult (C).
(C) Glomeruli innervated by fru P1-expressing
ORNs are numbered as follows: DA1 (1), VA1lm
(2), VL2a (3), and VA6 (4). DA2 was used to
normalize glomeruli volumes (C, arrowhead).
Images are 403 confocal sections (w1 mm thick).
(D) Mean of relative glomeruli volume 6 SEM of
males (white background) and females (gray
background) is plotted on the y axis. The addi-
tional UAS transgene that is in the genetic back-
ground, UAS- mcd8::GFP/+; fru P1-GAL4/+
(Control), is plotted on the x axis. UAS-IR[lacZ] in
the genetic background of UAS-mcd8::GFP/+;
fru P1-GAL4/+ was used an additional control.
Asterisks indicate significance (p < 0.05, one-way
ANOVA and post hoc t tests) as compared to both
control and UAS-IR[lacZ] control glomeruli
volumes. nR 10 for each genotype and glomer-
ulus. See Tables S10 and S11 for average normal-
ized glomeruli volumes and statistics.
glomeruli (DA1, VA1lm, and VL2a) [16].
Because mate discrimination has an
olfactory component, EcR isoform coex-
pression within fru P1-ORNs was exam-
ined at 48 hr APF. All fru P1-ORNs coex-
press EcR-A and EcR-B1, each having
similar levels of expression of the respective EcR isoform,
though expression of EcR-A appears higher than EcR-B1
throughout the antennal segment (Figure 3; Figure S2). All
glomeruli innervated by fru P1-ORNs in the adult are inner-
vated by 48 hr APF (Figure 3), suggesting that all third antennal
segment fru P1-ORNs innervating antennal lobe glomeruli also
express EcR.
Antennal lobe morphology was examined in flies where fru
P1-GAL4 drove expression of UAS-EcR transgenes that
reduce EcR function, and volumetric analyses were performed
(Figure 3; Tables S10 and S11). The volumes of two fru P1-
ORN-innervated glomeruli, DA1 and VA1lm, were significantly
smaller when EcR-A, but not EcR-B1, function was reduced
(p < 0.05, ANOVA and post hoc t tests; Figure 3). Flies express-
ing the transgene causing the highest levels of male-male
courtship (UAS-DN[EcR]-3) had the smallest DA1 and VA1lm
volume, which are the two glomeruli with the largest sexual
dimorphism [16]. No significant changes in size were seen
for the VL2a and VA6 glomeruli, which are also innervated by
fru P1-ORNs. This is perhaps because these glomeruli do
not show substantial differences in volume between wild-
type males and females and the largest reduction in volume
observed above never results in glomeruli smaller than what
is observed in females [16, 18].
To determine whether these decreases in glomeruli volume
are due to a general requirement of EcR, and not a sex-specific
effect, the volume of female glomeruli innervated by fru
EcR and fru Specify Male Courtship Behavior
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largest effect in males (UAS-DN[EcR]-3) resulted in no reduc-
tion in volume (Figure 3), suggesting that in male fru P1-
ORNs, EcR-A, which is not sex specific, may act with FRUM,
or some other male-specific factor, to affect glomeruli volume.
The reduction of glomeruli volumes may also be due to effects
from the fru P1-expressing projection neurons (PNs) inner-
vating these glomeruli; all fru P1-expressing PNs examined
express EcR-A (data not shown).
Reduction of EcR-A in fru P1-Expressing Neurons Affects
Gene Expression
EcR-A levels were reduced in fru P1-expressing neurons in
CNS tissues from wpp, 48 hr APF, and 0–24 hr stages, and
gene expression was examined by means of microarrays
(EcR-A/fru P1 gene sets; Tables S1 and S2). Previous studies
have shown that two distinct high-titer ecdysone pulses coin-
cide with wpp and 48 hr APF stages, but not the adult stage (re-
viewed in [6, 19]). Here, the numbers of differentially expressed
genes correlate with levels of ecdysone hormone, with a higher
number of genes identified during wpp and 48 hr APF stages
(176 and 166 genes, respectively) as compared to adults (36
genes; Figure S4, Table S12).
Significant overlap between genes expressed downstream
of fru P1 and the wpp and 48 hr APF EcR-A/fru P1 gene sets
was observed (p = 0.01 and 0.019, respectively, hypergeomet-
ric test; Figure S4). Additionally, there was significant overlap
among the wpp and 48 hr APFEcR-A/fruP1sets and previously
identified sets of genes regulated downstream ofEcR (Table 1).
The observation that more genes are regulated downstream of
EcR-A during development, as compared to adult stages, is
consistent with the behavioral experiments above that demon-
strated that male-male courtship phenotypes require a reduc-
tion of EcR-A function during development.
broad (br) is directly regulated by the ecdysone receptor (re-
viewed in [20]) and is necessary for CNS development [21–23].
Here, br expression is significantly increased in wpp CNS in
males with reduced EcR-A function in fru P1-expressing
neurons (Table S12). Colocalization of BR with FRUM is
observed in the CNS at three time points (wpp, 48 hr APF,
and adult; Figure S4 and data not shown), further confirming
that the ecdysone hierarchy functions in fru P1-expressing
neurons during development.
Discussion
This study demonstrates that the ecdysone hierarchy, in
concert with FRUM, helps establish the neural circuitry required
to prevent male-male courtship. Genes regulated downstream
of FRUM are also regulated downstream of ecdysone or the
ecdysone receptor and contain an enrichment of EcREs in their
regulatory sequence. EcR-A, but not EcR-B1, is expressed in
many FRUM-expressing neurons throughout development,
and reduced EcR-A in fru P1-expressing cells results in male-
male courtship and reduced glomeruli volumes.
Males with reduced EcR-A in fru P1-expressing neurons
display normal courtship behavior toward females, suggesting
that the neural circuitry is largely unaltered. Nevertheless, fine-
scale morphological differences may underlie the male-male
courtship phenotype, consistent with the observed reduction
in volume of DA1 and VA1lm glomeruli. This difference may
cause a defect in processing sensory information, such as
the male-specific pheromone cis-vaccenyl acetate detected
by ORNs that synapse on DA1 glomeruli [24]. Here, flies ofthe genotype that showed the strongest male-male courtship
phenotype showed the most substantial reduction in glomer-
ulus volume. Identifying the causes of this male-male court-
ship phenotype, which our results suggest may be due to defi-
cits in antennal lobe glomeruli but may also be explained by
additional sensory or higher-order processing defects, will
provide insight into how neural substrates that underlie
complex behaviors develop.
Our data suggest that ecdysone, through EcR-A, provides
temporal input to the development of the spatially restricted
fru P1-expressing neurons, directing the precise timing of
sex-specific development. EcR-A appears to primarily func-
tion in fru P1-expressing neurons during periods of high ecdy-
sone titers, given that the reduction of EcR-A function results
in more genes with transcriptional changes at stages of meta-
morphosis than the adult stage. Moreover, reduction of EcR
during development, but not during adulthood, leads to
increased levels of male-male courtship.
Three non-mutually exclusive models are proposed for how
EcR and FRUM might coordinate to regulate gene expression
(Figure S5). Worth noting is the fact that many of the genes
identified here are likely to be indirect targets of EcR and
FRUM. Genes may be regulated downstream of the EcR and
FRUM in parallel pathways (Model A). Alternatively, gene regu-
lation may occur in linear pathways, with EcR regulating FRUM
and FRUM regulating gene expression, or vice versa (Models B
and C). Evidence for the model in which EcR regulates FRUM is
that during development EcR is detected in the CNS before
FRUM, fru itself contains putative EcREs, and fru is regulated
downstream of EcR [10], whereas there is not similar data sup-
porting FRUM regulating EcR or usp. Further investigation of
the identified genes will provide insight into how these two
independent genetic-regulatory hierarchies coordinate the
large-scale changes that remodel the nervous system during
metamorphosis, setting the stage for the performance of adult
behaviors.
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